Introduction {#section1-0963689719883842}
============

Traumatic spinal cord injury (SCI) is a devastating event that frequently has disabling outcomes and limited recovery of neurofunction^[@bibr1-0963689719883842],[@bibr2-0963689719883842]^. Approximately 15-40 per million people suffer from injuries to the spinal cord every year around the world^[@bibr3-0963689719883842]^. However, the current clinically relevant therapeutic strategies for SCI have poor efficacy and undesirable side effects, and efforts are underway to find promising new therapies for this neurological situation^[@bibr4-0963689719883842],[@bibr5-0963689719883842]^.

Recently, stem cells and other cellular interventions have attracted interest from clinicians and researchers regarding the treatment of SCI. Different sources and types of cells have been and/or are currently being tested in animal experiments or clinical trials. Among these cells, olfactory bulb ensheathing cells (OECs) have emerged as an encouraging cell candidate for transplantation therapies to promote axonal regeneration after SCI due to their capability to promote axonal regeneration^[@bibr6-0963689719883842],[@bibr7-0963689719883842]^, provide trophic support to injured host cells^[@bibr8-0963689719883842],[@bibr9-0963689719883842]^, and modulate inflammatory reactions^[@bibr10-0963689719883842]^. Based on their intrinsic myelinating potential, OECs can also form myelin sheaths, which encapsulate neurons to support the growth of neurites^[@bibr11-0963689719883842]^.

OECs can be isolated from the nerve fiber layer of the olfactory bulb as well as the lamina propria of the olfactory mucosa. Olfactory mucosa OECs are easily accessed for autologous transplantation with a minimally invasive procedure^[@bibr12-0963689719883842]^, while olfactory bulb OECs may have higher potential to promote neuroregeneration^[@bibr13-0963689719883842]^. This greater function benefit over mucosal cultures might be due to their ability to mediate regeneration of severed axons across the injury site^[@bibr14-0963689719883842],[@bibr15-0963689719883842]^. Direct evidence has also shown that olfactory bulb OECs could be seen as myelin-forming cells, which have more robust ability compared with olfactory mucosa OECs based on their different microscopic morphological properties^[@bibr16-0963689719883842]^. The functional benefits of olfactory bulb OECs have been proposed for the treatment of SCI in a range of adult mammals, including rodents^[@bibr17-0963689719883842]^, nonhuman primates,^[@bibr18-0963689719883842]^ and human patients^[@bibr19-0963689719883842]^. Minimally invasive procedures for harvesting the olfactory bulb OECs in human subjects have been developed^[@bibr20-0963689719883842],[@bibr21-0963689719883842]^. Moreover, Liadi et al. have demonstrated that storing olfactory bulb tissue before culture could be achieved without compromising the viability of cells, which makes it possible to obtain a large number of cells for the clinic use of autologous, particularly allogeneic, OEC transplants^[@bibr22-0963689719883842]^. Cell-based therapy via the intravenous route is convenient and noninvasive to apply in clinical practice compared with intraspinal or intrathecal transplantation. A body of findings has shown that olfactory bulb OECs could express a number of growth factors to stimulate regeneration in the injured central nervous system (CNS) in a paracrine and autocrine manner^[@bibr23-0963689719883842]^. Therefore, we assume that intravenous administration of olfactory bulb OECs could facilitate the neuroregenerative process in the injured spinal cord.

The in vivo cellular behaviors of the grafted OECs lead to more complex conditions than the well-controlled situation of in vitro experiments. Detailed information about the fate of transplanted cells in vivo is limited but could help reveal their neuroprotective roles and promote the translation of cell transplantation into clinical settings in the treatment of SCI^[@bibr24-0963689719883842]^. Various cellular imaging modalities are used, based on different types of labeling agents (i.e., superparamagnetic iron oxide nanoparticles or ^99m^Tc), some of which have already been applied in clinical conditions^[@bibr25-0963689719883842],[@bibr26-0963689719883842]^. However, compared with magnetic resonance imaging (MRI) or nuclear imaging, optical imaging is more favored for biological applications that require high-resolution cellular imaging and long-term observation to track transplanted cells^[@bibr27-0963689719883842],[@bibr28-0963689719883842]^. Quantum dots (QDs), with unique optical properties, such as size-dependent tunable emission, high photostability, and high quantum yield, are appealing as molecular probes for cell tracking^[@bibr29-0963689719883842]^.

In this study, QD-labeled olfactory bulb OECs were intravenously transplanted into a spinal cord hemisection injury rat model. Fluorescence imaging was employed to track the migration of OECs in the injured spinal cord. The therapeutic effects of OECs in SCI were also investigated.

Materials and Methods {#section2-0963689719883842}
=====================

OEC Cultures and Labeling {#section3-0963689719883842}
-------------------------

OECs were isolated from the olfactory bulbs of adult male Sprague-Dawley (SD) rats (eight weeks, Ningxia Medical University, Laboratory Animal Center) as previously described^[@bibr30-0963689719883842]^. Briefly, after removal of the pia, the nerve fiber and glomerular layers of the olfactory bulbs were dissected and minced into small pieces in chilled Hank's balanced salt solution (HBSS) (Invitrogen, Carlsbad, CA, USA) and then trypsinized (0.1% w/v Type IX trypsin (Sigma, St. Louis, MO, USA), 15 min each, 37 °C, 5% CO~2~). The dissociated cells were washed and resuspended in complete medium consisting of Dulbecco's modified Eagle medium (DMEM)/Ham's/F-12 (1:1 mixture, Gibco, Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS). After incubation on uncoated petri dishes for 54 hours, OECs collected from the final supernatant were seeded onto poly-L-lysine (Sigma)-coated slides and maintained in an incubator (37 °C, 5% CO~2~) for eight days after purification, and the medium was changed every two days. The morphology and immunostaining characteristics of the purified OECs were determined in our previous study^[@bibr31-0963689719883842]^.

On the day before cell transplantation, OECs were labeled with QDs (Mesolight, Suzhou, China) by direct endocytosis^[@bibr32-0963689719883842]^. Briefly, OECs were grown to 85% confluence on polystyrene tissue culture dishes. After medium removal, the cells were washed twice in PBS. Then, serum-free cell culture medium containing 20 nM QDs was added to cells for two hours at 37 °C. After removal of the medium containing QDs, the cells were washed twice in PBS and then further incubated in complete cell culture medium for up to 24 hours.

To enable the observation of the intracellular distribution of QDs in cultured OECs, the OECs were labeled with 1 μmol/L calcein acetoxymethyl ester (calcein AM; Invitrogen, Waltham, MA, USA) and the nuclei were stained with DAPI (Beyotime, Shanghai, China). To examine subcellular localization of the QDs, cells were treated with organelle trackers including Lyso Tracker® Green DND-26, Mito Tracker® Green FM, and ER-Tracker™ Blue-White DPX (Invitrogen, Waltham, MA, USA) following the manufacturer's instructions. Confocal fluorescence images were acquired with an Olympus confocal imaging system (Olympus FV100, Olympus, Japan).

Cytotoxicity Analysis {#section4-0963689719883842}
---------------------

Cytotoxicity measurements were performed with well-characterized OECs in 96-well plates. Cells suspended at a density of 4 × 10^4^ cells/mL were prepared by appropriate dilution with medium. A total of 100 μL of cell suspension was transferred to each well, and the cells were incubated overnight in DMEM and 10% FBS. After cell adhesion, the medium was removed and replaced with 10 μL of fresh medium doped with modified QDs at concentrations of 10 nM, 20 nM, and 50 nM; the control group was not exposed to QDs. After 24 hours of incubation with the QDs, the cell culture medium with the QDs was removed and replaced with 100 μL of fresh medium (without phenol red). Then, 10 μL of MTT solution (Beyotime, Shanghai, China) was added to each well, and the cells were incubated for three hours without exposure to light. The optical density (OD) was measured at 570 nm with a BIO-RAD M-450 microplate reader (Bio-Rad iMARK, Hercules, CA, USA).

Experimental Animals {#section5-0963689719883842}
--------------------

All protocols were approved by the Ningxia Medical University Animal Ethics Committee (2018-054). Adult male SD rats (weight, 320--350 g) were used in this study. The animals were housed in individual ventilated cages (one rat per cage) under consistent temperature (21 ± 1.2 °C) and humidity (55 ± 5.0%) conditions with a 12-hour light/dark cycle. The rats were fed standard rodent chow and drinking water ad libitum.

Establishment of the SCI Rat Model {#section6-0963689719883842}
----------------------------------

Rats were anesthetized with ketamine and xylazine (80 mg/kg and 10 mg/kg, respectively), and body temperature was maintained using a heating pad. The skin over the upper thoracic area was shaved and cleaned with a betadine solution. The skin was incised, and then the connective and muscle tissue were bluntly dissected to expose the twelfth thoracic (T12) vertebral body. Then, a lateral hemisection was performed at T12. A needle (26G) was used to establish a lateral hemisection. The needle was bent by 90° with the end in 5 mm. Initially, an angled needle punctured the spinal cord dorsoventrally at the midline while avoiding the arteriae spinalis anterior, and it was then pulled to cut the left half of the spinal cord ([Figure 1](#fig1-0963689719883842){ref-type="fig"}). This operation was repeated three times to ensure completeness of the hemisection^[@bibr33-0963689719883842]^. Finally, the lesion was closed in layers with individual sutures. Appropriate post-operative care was provided for all operated rats. Bladders of the SCI rats were manually expressed three times daily until the bladder function was restored. For pain management, buprenorphine (0.05 mg/kg) was administered subcutaneously every 12 h for three consecutive days after trauma^[@bibr34-0963689719883842]^.

![Establishment of rat spinal cord hemisection model. (a) Before injury; (b) spinal cord hemisection; (c) after injury.](10.1177_0963689719883842-fig1){#fig1-0963689719883842}

Experimental Groups {#section7-0963689719883842}
-------------------

In total, 147 adult male SD rats were randomly assigned to the following experimental groups: (1) cord hemisection with intravenous transplantation of QD-labeled OECs at 24 hours after the establishment of the SCI model (SCI/OEC, n = 5 rats per time point); (2) cord hemisection and grafted with QD solution at 24 hours after the establishment of the SCI model (SCI/QD, n = 5 rats per time point); (3) normal spinal cord and grafted with QD-labeled OECs (control group, n = 5 rats per time point); (4) normal spinal cord and injected with Evans Blue (EvB) solution (n = 3 rats per time point); (5) cord hemisection and grafted with EvB solution one day after the establishment of the SCI model (n = 3 rats per time point) ([Figure 2](#fig2-0963689719883842){ref-type="fig"}).

![Experimental scheme for tracking the QD-labeled OECs in SCI rats.](10.1177_0963689719883842-fig2){#fig2-0963689719883842}

Cell Transplantation {#section8-0963689719883842}
--------------------

OECs were prepared in 1 mL cell culture medium per 1×10^6^ cells. One day after the establishment of the SCI model, OECs were injected intravenously via the tail vein within one minute, and 1 ml of 20 nM QD solution diluted with cell culture medium was also intravenously injected into the hemisection SCI model as a comparison group. For control animals, 1 ml of OECs was intravenously injected into normal rats.

Behavioral Testing {#section9-0963689719883842}
------------------

All the cord-hemisected rats in groups 1 (SCI/OEC) and 2 (SCI/QDs) were observed for any recovery of motor activity. Behavioral evaluation was performed daily in an open field according to the Basso, Beattie and Bresnahan (BBB) rating scale up to 28 days post-cell transplantation^[@bibr35-0963689719883842],[@bibr36-0963689719883842]^.

Ex Vivo Optical Imaging {#section10-0963689719883842}
-----------------------

Rats were sacrificed with euthanasia and perfused with saline at 10 min, one hour, one day, three days, seven days, 14 days, and 28 days after cell injection. Spinal cords and organs (livers, lungs, heart, spleen, kidney, and intestines) were quickly extracted and imaged with an optical/X-ray imaging system (Bruker, Karlsruhe, Germany). Fluorescence images were captured at 5 s with the excitation and emission wavelengths set at 530 nm and 600 nm, respectively, and the following settings: f-stop = 8.08; X-binning = ×2; Y-binning = none. The parameters (p/s/mm^2^/sr) were obtained by measuring the median fluorescence intensity (MFI) via the manufacturer's data processing software.

Characterization of BSCB Permeability with EvB {#section11-0963689719883842}
----------------------------------------------

Uninjured or hemisected rats were injected with 1 mL of 4% solution of EvB (2.50 mg/kg) into the tail vein at 10 min, one hour, one day, three days, seven days, 14 days, and 28 days post-SCI. EvB was allowed to circulate for 30 min, after which the rats were transcranially perfused with saline. Spinal cords were removed with the meninges stripped, and the EvB distribution was assessed by ex vivo imaging using the optical/X-ray imaging system (Bruker, Karlsruhe, Germany) with the excitation and emission filters set at 610 nm and 670 nm, respectively. For a direct comparison of the EvB fluorescence intensity between spinal cords, all images were taken with a 0.25 s exposure and normalized to the intact condition by adjusting the aggregate color scale to min = 2.00 × 10^5^ and max = 3.50 × 10^9^.

To quantify the EvB dye contents, 1 cm segments of the spinal cord centered on the injury site were removed, weighed, homogenized in 7.5% (w/v) trichloroacetic acid, and centrifuged for 10 min at 10,000 rpm, 4 °C. Colorimetric measurements of the supernatant were performed using a microplate reader (620 nm, Bio-Rad iMARK, USA). The EvB concentration was calculated based on a standard curve of EvB in trichloroacetic acid (data reported as EvB per spinal cord weight: μg/g).

Immunohistochemical Assay and Hematoxylin and Eosin (HE) Staining {#section12-0963689719883842}
-----------------------------------------------------------------

All rats were deeply anesthetized with sodium pentobarbital (25 mg/kg) and perfused with saline. Spinal cord sections from the tenth thoracic segment were dissected totally and fixed in 10% formalin and embedded in paraffin using routine procedures^[@bibr37-0963689719883842]^. Serial transverse sections (5 μm) were cut from paraffin blocks and stained with HE for histopathologic examination under a light microscope (Leica DM4000 M, Wetzlar, Germany).

To investigate the neuroprotective roles of OEC on the injured spine, immunohistochemistry assays were performed. Sections were incubated with the following primary antibodies: anti-Myelin Basic Protein (MBP) antibody (1:50, Abcam, ab7349, Cambridge, MA, USA), anti-Iba-1 antibody (1:50, Abcam, ab139590, Cambridge, MA, USA), anti-GAP-43 antibody (1:500, Abcam, ab16053, Cambridge, MA, USA) and anti-p75 nerve growth factor receptor (NGFR) antibody (1:500, Abcam, ab7349, Cambridge, MA, USA). The sections were then incubated with biotinylated goat anti-rabbit IgG followed by streptavidin-peroxidase. Finally, we obtained the immunohistochemistry images under a light microscope (Leica DM4000 M, Germany) at a magnification of 200. Average values of integrated optical density (IOD) were obtained from three random fields per slide using Image-Pro Plus software (Media Cybernetics, Rockville, MD, USA).

Statistical Analysis {#section13-0963689719883842}
--------------------

All values shown here are expressed as the mean ± standard deviation, and all statistical analyses were performed with GraphPad Prism Software (GraphPad Software, La Jolla, CA, USA) using one-way analysis of variance (ANOVA) with Tukey's post hoc test for multiple comparisons. Correlation analysis was performed using Pearson's product moment (r) correlation. *p* \< 0.05 was considered statistically significant.

Results {#section14-0963689719883842}
=======

QD Labeling of OECs {#section15-0963689719883842}
-------------------

Confocal microscopy was used to determine whether OECs were labeled with QDs. Strong red fluorescence from QDs was observed. The QDs localized mainly at a juxtanuclear location inside OECs ([Figure 3](#fig3-0963689719883842){ref-type="fig"}). Following these observations, we also investigated the subcellular localization of QDs in OECs. After QD labeling, OECs were incubated with dyes that probe intracellular organelles, including the endoplasmic reticulum (ER), mitochondria (Mito), and lysosomes (Lyso). Fluorescence microscope images showed that the QDs were nonspecifically distributed in endosomes and mostly entrapped by the ER (Supplementary Figure 1).

![Confocal microscopic images of OECs labeled with QDs. (a) Cell nuclei stained with DAPI (blue stain). (b) The morphology of OECs shown by calcein AM staining (green stain). (c) Fluorescence images of OECs labeled with QDs (red stain). (d) The overlaid images of (a), (b), and (c) (scale bar = 20 μm).](10.1177_0963689719883842-fig3){#fig3-0963689719883842}

Cytotoxicity Tests of QDs {#section16-0963689719883842}
-------------------------

The cytotoxicity of QDs was evaluated by a trypan blue exclusion assay. Over 93% of OECs were viable and did not significantly differ from their unlabeled counterparts when treated with less than 20 nM QDs, indicating that QD labeling did not significantly affect cell viability. However, significant cytotoxicity was observed when the OECs were transduced with 50 nM QDs (*p* = 0.016; n = 3) (Supplementary Figure 2). Therefore, in the following experiment, we used 20 nM QDs to label OECs.

Accumulation of QD-Labeled OECs in the Injured Spinal Cord {#section17-0963689719883842}
----------------------------------------------------------

The data showed that the QD-labeled OECs were located in the injured spinal cord as early as 10 min (4.97 × 10^6^ p/s/mm^2^/sr) after cell injection. The peak signal (2.55 × 10^7^ p/s/mm^2^/sr) occurred seven days after cell infusion, which corresponded to the accumulation of QD-labeled cells around the injury sites. At 28 days after cell injection, the QD-labeled OECs were still observed in the spinal cord but with a dramatically reduced signal (7.28 × 10^6^ p/s/mm^2^/sr) ([Figure 4](#fig4-0963689719883842){ref-type="fig"}). Compared with the control group, the SCI/OEC group had statistically significantly higher fluorescence intensities at every studied time point (*p* \< 0.0001; n = 5). With the exception of 10 min post-transplantation, the fluorescence intensities of the SCI/OEC group were significantly higher than those of the SCI/QD group (*p* = 0.0088, 0.0066, 0.0004, 0.0001, 0.0002, and 0.0006, respectively; n = 5).

![The distribution of QD-labeled OECs in the injured spinal cords. (a) Fluorescence images of isolated spinal cord from the control group, SCI/QD group, and SCI/OEC group. (b) Measurement of the fluorescence signal in the lesion site (shown with white box) at different time points post-OEC transplantation.\**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001; \*\*\*\**p* \< 0.0001.](10.1177_0963689719883842-fig4){#fig4-0963689719883842}

The rats were sacrificed to examine the biodistribution of fluorescence in the organs. As shown in Supplementary Figure 3, the fluorescence mostly accumulated in the livers, stomach, and intestine, followed by kidney, lungs, and heart, and the lowest accumulation was found in the spleen. In the SCI/OEC group, the fluorescence intensity in the livers was higher than that in the SCI/QD and control groups.

Quantification of EvB Leakage after SCI using ex Vivo Imaging {#section18-0963689719883842}
-------------------------------------------------------------

Here, we investigated the spatial and temporal changes in BSCB permeability from 10 min to 28 days after hemisection SCI. Ex vivo imaging showed that SCI-induced EvB dye leakage could readily be observed within minutes (10 min) and persisted for at least 28 days post-SCI at the injured site ([Figure 5(a)](#fig5-0963689719883842){ref-type="fig"}). At one day after SCI, EvB fluorescence centered at the injured site. At three days and seven days after SCI, the areas of EvB leakage were expanded rostrally and caudally to the lesion epicenter with increased fluorescence intensities. At 14 days and 28 days after SCI, the EvB fluorescence intensities at the lesion site were markedly reduced but still detectable.

![BSCB permeability analysis after SCI. (a) Ex vivo optical image of EvB dye extravasation of the normal control, 10 min, one hour, one day, three days, seven days, 14 days, and 28 days post-SCI at T12. The lesioned site is shown with a white box. (b) Quantification of EvB concentration in the lesion blocks at 10 min, one hour, one day, three days, seven days, 14 days, and 28 days post-SCI (\**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001). (c) Pearson's correlation analysis between EvB leakage and fluorescence intensity in the injured spinal cord (*p* \< 0.0001; R^2^ = 0.8589).](10.1177_0963689719883842-fig5){#fig5-0963689719883842}

To quantify the extent of BSCB leakage, EvB was extracted from a 1 cm segment of the spinal cord tissue at the injury site and measured by spectrophotometry. The results showed a biphasic pattern of BSCB disruption in this study period ([Figure 5(b)](#fig5-0963689719883842){ref-type="fig"}). The EvB dye concentration in the lesion block increased markedly at three days and seven days and peaked at seven days after SCI (8.04 ± 1.22 and 10.67 ± 1.91 μg/g tissue; n = 3, respectively). At 14 days and 28 days after SCI, the EvB contents significantly decreased compared with those at seven days after SCI (4.25 ± 0.85, n = 3; and 1.30 ± 0.66 μg/g tissue, n = 3, *p* = 0.0059 and 0.0013, respectively). [Figure 5(c)](#fig5-0963689719883842){ref-type="fig"} shows that there was a positive correlation between fluorescent signal detected in the OEC-treated spinal cord and the EvB leakage in the damaged spinal cord (*p* \< 0.0001, R^2^ = 0.8589).

Pathology Analysis of Injured Spinal Cords {#section19-0963689719883842}
------------------------------------------

HE staining results of the spinal cord from different groups are shown in [Figure 6](#fig6-0963689719883842){ref-type="fig"}, and the effect of OECs on preservation of anterior horn motor neurons in the spinal cord was also investigated. Compared with the control group, the anatomical structure of the spinal cord at one day post-transplantation (two days post-SCI) was severely disordered, with a significantly reduced number of anterior horn motor neurons in both the SCI/OEC (52.75 ± 4.53 vs. 16.41 ± 3.24, *p* \< 0.0001; n = 5) and SCI/QD group (52.75 ± 4.53 vs. 11.92 ± 2.53, *p* \< 0.0001; n = 5). From three days to 28 days after transplantation, the OEC treatment induced a significant increase in anterior horn motor neurons. The significant difference between SCI/OEC and SCI/QD groups began at three days after OEC transplantation (22.58 ± 2.57 vs. 14.65 ± 3.80, *p* = 0.003; n = 5). In the SCI/OEC group, a near-regular tissue structure with no obvious necrosis or vacuoles in the gray and white matter was apparent at seven days post-transplantation. Anterior horn motor neurons were remarkably preserved when compared with the SCI/QD group (31.59 ± 2.39 vs. 22.02 ± 3.42, *p* = 0.003; n = 5). However, the number of motor neurons in the SCI/OEC group was still significantly lower than that in the control group (52.75 ± 4.53 vs. 31.59 ± 2.39, *p* \< 0.001; n = 5). No significant difference was observed in rats between the control group and the SCI/OEC group at 28 days post-transplantation (52.75 ± 4.53 vs. 49.79 ± 2.53, *p* = 0.064; n = 5). An extensive loss of motor neurons was still found in the SCI/QD group compared with the control group (52.75 ± 4.53 vs. 40.60 ± 2.57, *p* \< 0.001; n = 5).

![The survival and preservation of anterior horn neurons after OEC treatment. (a) HE staining in the SCI/OEC, SCI/QD, and control group at one day, three days, seven days, and 28 days after transplantation. (b) Quantitative analysis of the number of anterior motor neurons. Data are presented as mean ± SD, n = 5 per group. \**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001; \*\*\*\**p* \< 0.0001; scale bar = 100 μm, applicable to all sections.](10.1177_0963689719883842-fig6){#fig6-0963689719883842}

Immunohistochemistry Analysis of Injured Spinal Cords {#section20-0963689719883842}
-----------------------------------------------------

To investigate axonal growth after OEC treatment, immunostaining for growth-associated protein 43 (GAP-43; neuronal marker) was performed ([Figure 7](#fig7-0963689719883842){ref-type="fig"}). Compared with rats in the SCI/QD group, SCI rats treated with OECs showed a markedly higher GAP-43 level, which was the highest at three days after OEC transplantation (*p* \< 0.005; n = 5). These results indicated that OECs potentiated regenerative responses and facilitated axonal regeneration in the injured spinal cord.

![Exploration of the effect of OECs on axonal sprouting in the spinal cord after SCI. (a) GAP-43 immunostaining in the SCI/OEC, SCI/QD, and control groups at one day, three days, seven days, and 28 days after transplantation. (b) Average staining intensity (integrated optical density, IOD) of GAP-43 positive cells. Data are presented as mean ± SD, n = 5 per group. \**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001; \*\*\*\**p* \< 0.0001; scale bar = 100 μm, applicable to all sections.](10.1177_0963689719883842-fig7){#fig7-0963689719883842}

To examine the effects of OECs on modulation of inflammatory responses, sections of spinal cord tissue were stained with Iba-1 antibody (microglia marker). In the control group, resting-state microglia with long cell processes were heterogeneously distributed in the gray matter and the white matter. In the SCI/QD group, the increased Iba-1 level was particularly evident within the injury epicenter and areas adjacent to the lesion site. The peak level of Iba-1 presented at seven days after transplantation. The activated microglia displayed enlarged cell bodies with short or thick processes. However, as shown in [Figure 8](#fig8-0963689719883842){ref-type="fig"}, OEC treatment significantly decreased the activation of microglia compared with that in the SCI/QD group (*p* \< 0.001; n = 5), with markedly lower Iba-1 levels detected at seven days after transplantation. At 28 days after injury, there was no significant difference between the Iba-1 level in the SCI/OEC group and in the control group (*p*\>0.05; n = 5). The data suggest that OECs could reduce the initial activation of Iba-1 positive immune cells and thereby contribute to tissue repair.

![Protective role of OECs against neuroinflammation in the spinal cord after SCI. (a) Iba-1 immunostaining in the SCI/OEC, SCI/QD, and control groups at one day, three days, seven days, and 28 days after transplantation. (b) Average staining intensity (integrated optical density, IOD) of Iba-1 positive cells. Data are presented as mean ± SD, n = 5 per group. \**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001; scale bar = 100 μm, applicable to all sections.](10.1177_0963689719883842-fig8){#fig8-0963689719883842}

Demyelination is one of the major histopathologic hallmarks of SCI. In the present study, we evaluated the effects of OECs on the remyelination of the injured axons in the epicenter of the SCI by analysis of MBP (oligodendrocyte/myelin marker) ([Figure 9](#fig9-0963689719883842){ref-type="fig"}). MBP staining showed a uniform pattern in the control group, whereas in the SCI/QD group, the mean IOD of MBP markedly decreased after SCI and reached the lowest level at seven days after transplantation (*p* \< 0.001, n = 5). Then, the mean IOD of MBP gradually increased but was still significantly lower than that in the SCI/OEC group at 28 days after treatment (*p* \< 0.001; n = 5). In the SCI/OEC group, the MBP levels were found to be significantly elevated at seven days after OEC treatment (*p* \< 0.001, n = 5) and were slightly lower than the control group, but still statistically significant, at 28 days after transplantation (*p* = 0.0215, n = 5).

![OECs promote remyelination in the spinal cord after SCI. (a) MBP immunostaining in the SCI/OEC, SCI/QD, and control groups at one day, three days, seven days, and 28 days after transplantation. (b) Average staining intensity (integrated optical density, IOD) of MBP positive cells. Data are presented as mean ± SD, n = 5 per group. \**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001; \*\*\*\**p* \< 0.0001; scale bar = 100 μm, applicable to all sections.](10.1177_0963689719883842-fig9){#fig9-0963689719883842}

To determine the survival and migration of intravenously transplanted OECs, tissue sections stained with anti-p75 NGFR antibody were processed. As shown in [Figure 10](#fig10-0963689719883842){ref-type="fig"}, in both the SCI/QD group and the control group, no p75 NGFR-positive cells were detected around the spinal cord injury site. In contrast, OECs were primarily found in regions close to the injury site in the SCI/OEC group. The IOD of p75 NGFR peaked at seven days after cell transplantation compared with other studied time points (*p* \< 0.0001; n = 5).

![Immunostaining analysis showing the presence of transplanted OECs in the injured spinal cord. (a) Representative images of immunostaining for P75 NGFR at one day, three days, seven days, and 28 days after cell injection in the SCI/OEC, SCI/QD, and control groups. (b) Average staining intensity (integrated optical density, IOD) of P75 NGFR-positive regions in spinal cord sections. Data are presented as mean ± SD, n = 5 per group. \**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001; \*\*\*\**p* \< 0.0001; scale bar = 100 μm, applicable to all sections.](10.1177_0963689719883842-fig10){#fig10-0963689719883842}

Behavioral Outcome after OEC Treatment of Hemisection SCI Rats {#section21-0963689719883842}
--------------------------------------------------------------

BBB score was used to measure the motor function recovery of the SCI rats throughout the 28-day study period. The data showed a degree of spontaneous recovery of paw usage over time in all rats, regardless of OEC transplantation. However, the rats that received OEC transplantation showed the greatest improvement in locomotor function ([Figure 11(a)](#fig11-0963689719883842){ref-type="fig"}). A significant difference began to appear at seven days after cell treatment (7.33 ± 1.61 vs. 2.67 ± 0.58; *p* = 0.011; n = 5). As shown in [Figure 11(b)](#fig11-0963689719883842){ref-type="fig"}, extensive movement of all three joints of the hind limb, with sweeping or plantar placement of the paw with no weight support, was observed in the SCI/OEC group, whereas rats in the SCI/QD group were still dragging their hind legs with improved movement of the hip joint. These results suggest that the OEC transplantation could enhance the functional improvement of locomotor activity after SCI.

![Motor function locomotion assessments of SCI rats. (a) BBB scoring. Values represent the mean ± SD (n = 5). \**p* \< 0.05 using one-way ANOVA followed by Tukey's tests. (b) Representative images from video recordings of one animal of every group for BBB scoring are shown as follows: control group; the SCI rat model; rat in the SCI/OEC group at seven days post-SCI; and rat in the SCI/QD group at seven days post-SCI. The black arrows indicate the tail position, and the stars represent the joints (the hip, knee, and ankle joints).](10.1177_0963689719883842-fig11){#fig11-0963689719883842}

Discussion {#section22-0963689719883842}
==========

Few studies have investigated the therapeutic role of olfactory bulb OECs and their biodistribution after systemic administration for treating SCI. Our results indicated the following. 1) OECs seem to be able to fulfill their neuroprotective roles at the injury site after an intravenous transplantation, leading to both functional and anatomical improvement. 2) After transplantation, labeled OECs were found at the injury site. 3) The accumulation of OECs was correlated with increasing BSCB permeability. The current study emphasizes the potential of the intravenous route for olfactory bulb OEC transplantation for the treatment of SCI.

1. The Therapeutic Roles of OECs in Tissue Regeneration of SCI {#section23-0963689719883842}
--------------------------------------------------------------

Our behavior tests presented a significant improvement of motor function in the SCI/OEC group compared with that in the SCI/QD group. Significant recovery of motor function began at seven days post-transplantation. Pathology studies were used to evaluate the therapeutic effects of intravenously injected OECs. The recovery of motor function was accompanied by a significant preservation of spinal cord parenchyma at the lesion site and increasing numbers of motor neurons in the anterior horn, which was shown in HE staining. The beneficial outcome was also confirmed with axonal outgrowth staining. Previous studies have documented that the high and transient elevation of GAP-43 in the damaged axons correlates with increased regenerative potential^[@bibr38-0963689719883842],[@bibr39-0963689719883842]^. In our study, a dramatic increase in GAP-43 expression was observed in the OEC-treated rats compared with other groups as early as one day post-injection and peaked at three days post-injection. This may relate to the enhanced regenerative response for the axon in the damaged spinal cord after OEC treatment.

In the present study, the injured rats that received an intravenous injection of OECs exhibited a significant decrease in the infiltration of activated microglia, which were stained with Iba-1 antibody. This result suggested that the injected OECs could modulate the inflammatory response. The possible mechanism for the decreased neuroinflammation is partially due to the proinflammatory cytokines produced by the OECs. OECs are known to secrete anti-inflammatory factors, including CXCL12, interleukin 6 (IL-6), and CX3CL1, which can act on other immune cells, such as neutrophils, macrophages, and lymphocytes, and phagocytose cellular debris after SCI^[@bibr40-0963689719883842]^.

Demyelination of spared axons also contributes to behavioral deficits by motor dysfunction and further secondary damage^[@bibr41-0963689719883842][@bibr42-0963689719883842][@bibr43-0963689719883842]--[@bibr44-0963689719883842]^. Among the myelin-producing cells, OEC transplantation has emerged as a promising repair strategy due to their ability to modify the host environment to promote remyelination^[@bibr45-0963689719883842]^. In this study, the remyelination of the injured axons was stained by MBP. The results showed that the remyelination was significantly higher in the SCI/OEC group than in the SCI/QD group, which confirmed that OECs were capable of remyelinating the demyelinated spared axons. Combined with the significant improvement of motor function in the SCI/OEC group, we speculated that the myelin regeneration induced by OECs could be an important contributor to the improvement in motor function. Their roles in improving the conduction velocity and frequency-response properties after SCI should be confirmed by the application of electroneurophysiology in a future study.

2. The Accumulation of Intravenously Transplanted OECs in the Injured Spinal Cord of Hemisection SCI Rats {#section24-0963689719883842}
---------------------------------------------------------------------------------------------------------

The major challenge associated with cell-based therapy regarding SCI is to find the most cost-effective approaches to noninvasively deliver cells to the therapeutic targets. The current strategies for transplantation of olfactory bulb OECs include intraspinal injection^[@bibr46-0963689719883842]^ and intrathecal administration^[@bibr47-0963689719883842]^. Although these methods are acceptable for scientific studies in animals, they are difficult to implement in clinical practice for treating human SCI. The major limitation of these existing techniques is that they require complicated surgical procedures such as lumbar puncture or laminectomy to allow direct access to the spinal cord parenchyma, which might cause further deterioration by damaging the remaining tissues or leading to several procedure-related complications. Previous evidence has reported that systemic transplantation, such as intravenous delivery of therapeutic cells, is relatively safe and easy to apply and can achieve equally beneficial results^[@bibr48-0963689719883842]^. Therefore, we proposed that the transplanted olfactory bulb OECs could also promote the recovery of neurological function following intravenous transplantation. However, safe and successful bench-to-bedside translation calls for a more comprehensive understanding of the in vivo cellular behaviors^[@bibr49-0963689719883842]^.

In this study, the spinal cord ex vivo imaging data showed that the QD-labeled OECs migrated into the injury site and started to accumulate only 10 min after intravenous injection. Seven days post-transplantation (eight days post-SCI), OECs accumulated in the injured spinal cord to their greatest extent, and thereafter decreased sharply. To confirm these optical imaging results, p75 NGFR immunostaining was carried out to locate the grafted OECs in the spinal tissue sections. We found that the p75 NGFR-positive cells were detected near the injury site and in the dorsal root entry zone. We considered that the p75 NGFR-positive area located in the dorsal root entry zone was probably not from the grafted OECs, because p75 NGFR is always expressed in the neurons and glia of dorsal root ganglia^[@bibr50-0963689719883842],[@bibr51-0963689719883842]^. In these areas, its expression is stable among different injury intervals and different groups. However, the p75 NGFR expression near the injury site in the SCI/OEC group was much higher than that in the SCI/QD group. Therefore, we speculate that the p75 NGFR near the injury site was expressed by OECs rather than representing a false-positive signal. The p75 NGFR expression increased after cell injection up to seven days post-injection. This finding indicated the increase of accumulated OECs in the injury site. However, the decrease of p75 NGFR expression at 14 days and 28 days post-injection was not only caused by the loss of OECs. Previous studies have indicated that p75 NGFR expression can be regulated by interactions with extrinsic factors such as axonal contact. After transplantation into CNS tissue, p75 NGFR-positive OECs ensheathed neurites and then lost p75 NGFR expression on their membranes where they were in direct contact with the neurites^[@bibr52-0963689719883842],[@bibr53-0963689719883842]^.

The biodistribution results showed that OECs mainly accumulate in the liver. However, some results showed that substantial amounts of other types of intravenously injected cells were entrapped within pulmonary capillaries^[@bibr54-0963689719883842],[@bibr55-0963689719883842]^. These discrepant results might arise from the differences in cell size, cell type, and the immune state of the host^[@bibr56-0963689719883842],[@bibr57-0963689719883842]^. Moreover, the fluorescence imaging method has its own limitations; for example, it is difficult to quantify the photon number of isolated organs because of the differences in the optical properties of different organs. The thickness and positioning may also affect the results^[@bibr58-0963689719883842],[@bibr59-0963689719883842]^.

Monitoring OEC distribution by using QDs is not without flaws. For example, it is possible that the fluorescence signal we detected was from the QDs released by dead cells. Nevertheless, combined with improvement in motor function and pathology studies, it is more likely that the intravenously injected OECs could accumulate in the spinal cord through a disrupted BSCB. However, further studies are required to visualize cell viability and migration using specific noninvasive imaging methods. In particular, reporter gene imaging, such as herpes simplex virus type 1 thymidine kinase (HSV1-tk), can be used to evaluate biological processes of the transplanted cells at the cellular and molecular levels in vivo^[@bibr60-0963689719883842]^.

3. Intravenously Injected OECs Penetrated the Injury Epicenter through Disrupted BSCB {#section25-0963689719883842}
-------------------------------------------------------------------------------------

Regenerative medicine using cell-based therapy has recently emerged as a viable therapeutic approach for treating CNS injuries and degenerative diseases^[@bibr61-0963689719883842]^. Unfortunately, the presence of the BSCB limits or blocks the entrance of potential treatments (i.e., drugs, trophic factors, and curative cells) to the spinal cord parenchyma and the exchange between the bloodstream and the spinal cord environment^[@bibr62-0963689719883842],[@bibr63-0963689719883842]^. After SCI, a compromised BSCB could provide a unique opportunity for therapeutic interventions^[@bibr64-0963689719883842]^. The BSCB permeability in this study was assessed by ex vivo imaging and spectrophotometric quantification of the content of EvB leakage in the injury site. The BSCB was disrupted as early as 10 min post-SCI, with the maximum permeability occurring around seven days after the establishment of the hemisection rat model. There was a positive correlation between the fluorescence signal of OECs at the injury site and the EvB leakage in the damaged spinal cord. Therefore, we proposed that the number of OECs migrating into the epicenter of trauma is highly related to the permeability of the BSCB. In future work, the time window of OEC transplantation should be optimized according to the BSCB permeability.

Previous groups have characterized and investigated the permeability of BSCB and the possible underlying mechanisms^[@bibr65-0963689719883842],[@bibr66-0963689719883842]^. However, the results were inconsistent regarding the time window of BSCB opening. This variability might be due to the varying severity of injury, edema formation, or the type of SCI animal model used, such as contusion SCI models^[@bibr67-0963689719883842],[@bibr68-0963689719883842]^, while a hemisection at T12 rat model was employed here.

Conclusion {#section26-0963689719883842}
==========

Intravenous transplantation is a minimally invasive method for OEC transplantation for the repair of SCI. In this study, we investigated the distribution and function of intravenously injected olfactory bulb OECs in the intact and injured spinal cord. Our results showed that the grafted OECs colonized damaged spinal cord tissue, which was important for remyelination, modulating neuroinflammation, and tissue preservation. The BSCB opening pattern was closely correlated with the migration of QD-labeled OECs in the injured spinal cord. We believe that OECs migrated into the parenchyma of the spinal cord by penetrating the disrupted BSCB. Therefore, the penetrability of the BSCB could provide the clinically relevant time window for cell transplantation therapy in the treatment of SCI.
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